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SUMMARY  
 
This work reports on an activity performed at the Brasimone ENEA research centre, 
concerning the heavy liquid metal technology, component development and demonstration 
facility design. 
The Brasimone research centre is strongly involved in the most important 
international R&D activities on energy and environment and has wide competencies and 
capabilities in the frame of the nuclear fission energy. It is also involved in the main 
European research programmes, as IP-EUROTRANS, ELSY, and VELLA, devoted to the 
development of pool-type nuclear reactors cooled by heavy liquid metal. 
Starting from 2003, the University of Pisa, and in particular the Department of 
Mechanical, Nuclear and Production Engineering, collaborates with ENEA, supporting the 
activities by numerical simulations, procedure qualification, experiment definition and 
experimental facility design. 
The present doctoral work is performed in the frame of this collaboration. The gas-
injection enhanced circulation phenomena in a HLM pool were characterized; the reliability 
of this technique as suitable pumping system for HLM pool type system was proven by the 
experimental tests performed on the CIRCE facility.  
Then, the design of the ICE experimental activity, to be performed in the CIRCE 
facility is reported. Considerable efforts were spent in the design of the heat source, of the 
heat exchanger and the test section; the obtained results are here reported together with 
the supporting numerical simulations performed by a system code and a CFD code. ICE 
represents the main experiment of the Integral Test envisaged in the DEMETRA domain of 
EUROTRANS and, when completed, it will strongly contribute to the design and 
construction of a HLM pool-type nuclear reactor. 
Finally, the design of the NACIE loop is described; this facility consists in a simple 
HLM loop, designed and built by the Brasimone Research Centre, with the aim to support 
the ICE design by running experimental tests in the field of natural and gas enhanced 
circulation.  
The NACIE loop and the CIRCE facility will strongly contribute to the experimental 
analysis of the thermal-hydraulic behaviour of HLM prototypical systems and test 
procedures, covering the existing knowledge gaps in some fields as, for example, heat 
transfer in fuel bundles in HLM under the natural circulation flow regime. 
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NOMENCLATURE 
 
Acronyms 
ADS Accelerator Driven System 
ARS Argon Recirculation System 
ASCHLIM Assessment of Computational Fluid Dynamics Codes for Heavy Liquid 
Metal 
BOR 60 Russian Experimental Fast Reactor 
CIRCE Circolazione Eutettico  
CFD Computational Fluid Dynamics 
CRS4 Centro di Ricerca, Sviluppo e Studi Superiori in Sardegna (Italy) 
DAS Data Acquisition System 
DEMETRA Development and Assessment of Structural Materials and Heavy 
Liquid Metal Technologies for Transmutation Systems 
DHR Decay Heat Removal  
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DPMS Differential Pressure Measurement System  
EFIT European Facility for Industrial Transmutation 
ELSY European Lead Cooled System 
ENEA Ente per le Nuove Tecnologie, l’ Energia e l’Ambiente (Italy) 
ETD European Transmutation Demonstrator 
EUROTRANS European Research Programme for the Transmutation of High Level 
Nuclear Waste in an Accelerator Driven System 
FP Framework Program 
FPS Fuel Pin Simulator 
FZK Forschungszentrum Karlsruhe (Germany) 
GEN IV Generation IV 
 IX
GESA Gepulste ElektronenStrahlAnlage (Pulsed electron beam facility for 
surface treatment of materials) 
GFR Gas Cooled Fast Reactor 
GIF Generation IV International Forum 
HLM Heavy Liquid Metal 
HS Heat Source 
HTC Heat Transfer Coefficient 
HX Heat Exchanger 
ICE Integral Circulation Experiment 
INEL  Idaho National Engineering Laboratory (USA) 
IPPE Institute for Physics and Power Engineering (Russia)  
ISI In Service Inspection 
ISTC International Science and Technologic Center (Russia) 
IVCS Insulation Volume Cooling System 
KTH Kungliga Tekniska Högskolan (Sweden)  
LBE Lead Bismuth Eutectic 
LGA Lower Grid Assembly 
LFR Lead Fast Reactor 
LME Liquid Metal Embrittlement 
LMS Level Measurement System 
LMTD Logarithmic Mean Temperature Difference 
LWR Light Water Reactor 
MOX Mixed Oxide Fuel 
MSR Molten Salt Reactor 
NACIE Natural Circulation Experiment 
NRC Nuclear Regulatory Commission (USA) 
ODS oxide dispersed strengthened 
 X
PSI Paul Scherrer Institut (Switzerland)  
SCK-CEN Studiecentrum voor Kernenergie – Centre d’Etude de l’Energie 
Nuclèaire (Belgium) 
SCWR Supercritical Water Cooled Reactor 
SFR Sodium Cooled Fast Reactor 
SINQ Swiss Spallation Neutron Source 
SGU Steam Generator Unit 
SPIRE Irradiation Effects in Martensitic Steels under Neutron and Proton 
Mixed Spectrum 
STREP Specific Targeted Research and Training Project 
TECLA Technologies for Lead Alloys 
VELLA Virtual European Lead Laboratory 
VHTR Very High Temperature Reactor 
XADS Experimental Accelerator Driven System 
XT-ADS Experimental Demonstration Of The Technical Feasibility Of 
Transmutation In An Accelerator Driven System 
WP Work Package  
 
Roman Letters 
a0 oxygen thermodynamic activity [-] 
A flow area [m2] 
C constant [-] 
FeC  dissolved iron concentration in the melt [wt%] 
OC  dissolved oxygen concentration in the melt [wt%] 
S
FeC  saturated iron concentration in the melt [wt%] 
S
OC  saturated oxygen concentration in the melt [wt%] 
Cp specific heat [J/(kgK)] 
d orifice diameter [-] 
D diameter [m], pin diameter [m] 
 XI
E electromotive force [mV] 
f Darcy-Weisbach friction factor [-] 
F free-area coefficient [-] 
HXF  LMTD correction factor [-] 
g gravity [m/s2] 
G mass flux [kg/m2] 
h convective heat transfer coefficient [W/(m2 K)] 
H height [m] 
H’ hexagonal wrapper height [m] 
j superficial velocity [m/s] 
k singular pressure drop coefficient [-] 
K overall pressure drop coefficient [-] 
l specific work [J/kg] 
l’ hexagonal wrapper side length [m] 
L length [m] 
mɺ  flow rate [kg/s] 
Mɺ  LBE primary flow rate[kg/s] 
Nr rods number [-] 
Nr,a active rods number [-] 
Nt heat exchanger tubes number [-] 
Nu Nusselt Number [-] 
p pressure [Pa] 
P pitch [m] 
P cold side effectiveness [-] 
Pcomp compression power [W] 
Pe Peclet Number [-] 
Pp pumping power [W] 
Pr Prandtl Number [-] 
Pw wetted perimeter [m] 
q” heat flux [W/m2] 
q’’’ power density [W/m3] 
Q power [W] 
r radius [m] 
 XII
R capacity rate ratio [-] 
Re Reynold Number [-] 
S exchanger surface area [m2] 
S slip ratio [-] 
t thickness [m] 
T temperature [K] 
U overall heat transfer coefficient [W/m2 K] 
X pitch to diameter ratio (P/D) [-] 
x flow quality [-] 
v velocity [m/s] 
w fluid velocity [m/s] 
z axial coordinate [m] 
 
 XIII
Greek Letters 
α void fraction [-] 
β isobaric thermal expansion coefficient [1/K] 
δ boundary layer thickness [m] 
ε roughness [m] 
µ dynamic viscosity [Pa s] 
κ thermal conductivity [W/(m K] 
ρ density [kg/m
3] 
 
Subscripts 
act active 
ad adiabatic 
b referred to the bulk 
d referred to the downstream flow 
DF driving force term 
DW referred to the Downcomer 
eff effective 
EV referred to the Expansion Volume 
f referred to the fluid 
FC referred to the Feeding Conduit 
FM referred to the Flow Meter 
fric friction term 
g referred to the gas 
H referred to the horizontal pipe 
i referred to the i-th branch of the flow path; 
IFC referred to the Inlet Feeding Conduit 
IHW referred to the Inlet Hexagonal Wrapper 
in inlet 
h hydraulic 
hy hydrodynamic 
HS referred to the Heat Source 
HX referred to the Heat Exchanger 
l referred to liquid 
lo liquid only 
 XIV
LBE referred to the Lead Bismuth Eutectic  
LGA referred to the Lower Grid Assembly 
m mixture 
NC referred to the Natural Circulation Condition  
out outlet 
r referred to the riser 
sc referred to the sub-channel 
SG referred to the Spacer Grid 
shell referred to heat exchanger shell 
th thermal 
TP referred to two phase flow 
u referred to the upstream flow 
w referred to the wall 
wat referred to the water 
W referred to the hexagonal wrapper 
0 referred to the grid orifice flow  
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1. Introduction 
 
 
Nuclear power generation for peaceful purposes began roughly 50 years ago and 
now generates as much global electricity as was then produced by all sources [1] . 
About two-thirds of the world population lives in nations where nuclear power plants 
play an important role in the electricity production. On the other hand, half the world's 
population lives in countries where new nuclear power reactors are planned or under 
construction (see tab 1) [2]. Nowadays, nearly 440 nuclear reactors produce electricity 
around the world. More than 15 countries rely on nuclear power for 25% or more of their 
electricity. In Europe and Japan, the nuclear share of electricity is over 30%; in the USA 
nuclear power creates 20% of electricity. 
Many countries have a strong commitment to nuclear power. Among them there are 
China, India, the United States, Russia and Japan, which together represent half of world 
population. Other nations such as Argentina, Brazil, Canada, Finland, South Korea, South 
Africa, Ukraine and several other countries in Central and Eastern Europe are planning to 
increase the role of nuclear power in their economies. Other developing nations without 
nuclear power, such as Indonesia, Egypt and Vietnam, have considering this option. 
France, with 60 million people, obtains over 75% of its electricity from nuclear power and is 
the world's largest net exporter of electricity. Italy's 60 million people have no nuclear 
power and are the world's largest importers of electricity. 
Nuclear power provides energy independence and security of supply. Then, many 
of the world’s nations, both industrialized and developing, believe that a greater use of 
nuclear energy will be required if energy security is to be achieved. They are confident that 
nuclear energy can be used now and in the future to meet their growing demand for 
energy safely and economically, with certainty of long term supply and without adverse 
environmental impact. 
 
  
 1-2 
 
 
NUCLEAR 
ELECTRICITY 
GENERATION 2007 
REACTORS 
OPERABLE  
May 2008 
REACTORS UNDER 
CONSTRUCTION  
May 2008 
REACTORS 
PLANNED  
May 2008 
REACTORS 
PROPOSED  
May 2008 
URANIUM 
REQUIRED 
2008 
billion kWh  % e  No.  MWe  No.  MWe  No. MWe  No.  MWe  tonnes U 
Argentina 6.7 6.2 2 935 1 692 1 740 1 740 123 
Armenia 2.35 43.5 1 376 0 0 0 0 1 1000 51 
Bangladesh 0 0 0 0 0 0 0 0 2 2000 0 
Belarus 0 0 0 0 0 0 2 2000 0 0 0 
Belgium 46 54 7 5728 0 0 0 0 0 0 1011 
Brazil 11.7 2.8 2 1901 0 0 1 1245 4 4000 303 
Bulgaria  13.7 32 2 1906 0 0 2 1900 0 0 261 
Canada*  88.2 14.7 18 12652 2 1500 3 3300 4 4400 1665 
China  59.3 1.9 11 8587 7 6700 24 26320 76 62600 1396 
Czech 
Republic  
24.6 30.3 6 3472 0 0 0 0 2 1900 619 
Egypt  0 0 0 0 0 0 0 0 1 1000 0 
Finland  22.5 29 4 2696 1 1600 0 0 1 1000 1051 
France  420.1 77 59 63473 1 1630 0 0 1 1600 10527 
Germany  133.2 26 17 20339 0 0 0 0 0 0 3332 
Hungary  13.9 37 4 1826 0 0 0 0 2 2000 271 
India  15.8 2.5 17 3779 6 2976 10 8560 9 4800 978 
Indonesia  0 0 0 0 0 0 2 2000 2 2000 0 
Iran  0 0 0 0 1 915 2 1900 1 300 143 
Israel  0 0 0 0 0 0 0 0 1 1200 0 
Japan  267 27.5 55 47577 2 2285 11 14945 1 1100 7569 
Kazakhstan  0 0 0 0 0 0 0 0 1 300 0 
Korea DPR 
(North)  
0 0 0 0 0 0 1 950 0 0 0 
Korea RO 
(South)  
136.6 35.3 20 17533 3 3000 5 6600 0 0 3109 
Lithuania  9.1 64.4 1 1185 0 0 0 0 2 3200 225 
Mexico  9.95 4.6 2 1310 0 0 0 0 2 2000 246 
Netherlands  4.0 4.1 1 485 0 0 0 0 0 0 98 
Pakistan  2.3 2.34 2 400 1 300 2 600 2 2000 65 
Romania  7.1 13 2 1310 0 0 2 1310 1 655 174 
Russia  148 16 31 21743 7 4920 10 11960 25 22280 3365 
Slovakia  14.2 54 5 2064 2 840 0 0 0 0 313 
Slovenia  5.4 42 1 696 0 0 0 0 1 1000 141 
South Africa  12.6 5.5 2 1842 0 0 1 165 24 4000 303 
Spain  52.7 17.4 8 7442 0 0 0 0 0 0 1398 
Sweden  64.3 46 10 9016 0 0 0 0 0 0 1418 
Switzerland  26.5 43 5 3220 0 0 0 0 3 4000 537 
Thailand 0 0 0 0 0 0 0 0 4 4000 0 
Turkey  0 0 0 0 0 0 0 0 3 4500 0 
Ukraine  87.2 48 15 13168 0 0 2 1900 20 27000 1974 
United 
Kingdom  
57.5 15 19 11035 0 0 0 0 0 0 2199 
USA  806.6 19.4 104 99049 0 0 12 15000 20 26000 18918 
Vietnam  0 0 0 0 0 0 0 0 2 2000 0 
WORLD** 2608 16 439 371,989 36 29,958 93 101,395 218 192,975 64,615 
Table 1 . World Nuclear Power Reactors 2007-2008 and Uranium Requirements (9 June 2008) 
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The expected rapid expansion of global nuclear power would require no 
fundamental change in technology, but simply an acceleration of existing strategies. To 
enhance the future role of nuclear energy systems, a technology roadmap was defined to 
plan the necessary R&D activities in support of a generation of innovative nuclear energy 
systems known as Generation IV [3]  
Generation IV nuclear energy systems include the nuclear reactor and its energy 
conversion systems, as well as the necessary facilities for the entire fuel cycle from ore 
extraction to final waste disposal. Challenging technology goals for Generation IV nuclear 
energy systems are defined in the roadmap in four areas: sustainability, economics, safety 
and reliability, and proliferation resistance and physical protection. 
Meeting these technology goals, new nuclear systems can achieve a number of 
long-term benefits that will help nuclear energy in playing an essential role worldwide. 
By the Brasimone ENEA research centre, several R&D activities are actually ongoing 
in the frame of the new generation fission nuclear energy. 
In particular, the research centre is involved in the IP-EUROTRANS, ELSY, and 
VELLA projects, founded by the European Commission in the frame of VI FP and aimed to 
the development of pool-type nuclear reactors cooled by heavy liquid metal, that is one of 
the promising choices for Generation IV. 
In the frame of the experimental investigation of the thermal hydraulic behaviour of a 
HLM cooled reactor, a scientific collaboration was made between ENEA and University of 
Pisa. 
The collaboration involves CFD and system code numerical simulations, component 
design, data analysis, aimed to support the experimental activity planned by the 
Brasimone research centre in the field of the HLM technology. 
The gas lift technique, proposed as pumping system for the LBE cooled XADS [4], 
was characterized by experimental campaigns performed on the CIRCE facility; the results 
carried out, and the performed data analysis allowed to define the gas lift technique as a 
reliable pumping system for HLM pool system. 
Actually by the Brasimone, several efforts are spent to perform the Integral 
Circulation Experiment, ICE, and the Natural Circulation Experiment, NACIE. 
ICE represents the main experiment of the Integral Test envisaged in the DEMETRA 
domain of EUROTRANS and aims to experimentally simulate the primary flow path of a 
LBE pool system which couples prototypical components, like heat source, heat 
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exchanger, chemistry control system; ICE will realize the first demonstration facility 
towards the design and construction of a HLM pool-type nuclear reactor. 
NACIE, that is a HLM simple loop, aims to support the ICE heat source and main 
components design by running experimental tests in the field of natural and gas enhanced 
circulation in HLM system.  
Moreover, NACIE loop, as well as CIRCE facility, will contribute to the thermal 
hydraulic investigation in the frame of HLM technology, aimed to cover the existing 
knowledge gaps in the field of heat transfer, fluid dynamics, structural materials, coolant 
chemistry. 
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